J. Anat. (2004) 205, pp79-98

REVIEW

Ventrally emigrating neural tube (VENT) cells: a second

neural tube-derived cell population

Douglas P. Dickinson," Michal Machnicki,?2 Mohammed M. Ali,> Zhanying Zhang?
and Gurkirpal S. Sohal?

'Department of Oral Biology, Medical College of Georgia, USA
’Department of Cellular Biology and Anatomy, Medical College of Georgia, USA

Abstract

Two embryological fates for cells of the neural tube are well established. Cells from the dorsal part of the developing
neural tube emigrate and become neural crest cells, which in turn contribute to the development of the peripheral
nervous system and a variety of non-neural structures. Other neural tube cells form the neurons and glial cells of the
central nervous system (CNS). This has led to the neural crest being treated as the sole neural tube-derived emigrating
cell population, with the remaining neural tube cells assumed to be restricted to forming the CNS. However, this
restriction has not been tested fully. Our investigations of chick, quail and duck embryos utilizing a variety of dif-
ferent labelling techniques (Dil, LacZ, GFP and quail chimera) demonstrate the existence of a second neural tube-
derived emigrating cell population. These cells originate from the ventral part of the cranial neural tube, emigrate
at the exit/entry site of the cranial nerves, migrate in association with the nerves and populate their target tissues.
On the basis of its site of origin and route of migration we have named this cell population the ventrally emigrating
neural tube (VENT) cells. VENT cells also differ from neural crest cells in that they emigrate considerably after the
emigration of neural crest cells, and lack expression of the neural crest cell antigen HNK-1. VENT cells are multipotent,
differentiating into cell types belonging to all four basic tissues in the body: the nerve, muscle, connective and
epithelium. Thus, the neural tube provides at least two cell populations — neural crest and VENT cells — that
contribute to the development of the peripheral nervous system and various non-neural structures. This review
describes the origin of the idea of VENT cells, and discusses evidence for their existence and subsequent fates.
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1998; Casanova et al. 2000). The neural crest cells arise

Introduction from the dorsal part of the developing neural tube,

The nervous system is derived from the ectoderm, one of
the three germ layers in the embryo. Not all ectodermal
cells, however, give rise to the nervous system. As a
result of neurulation (the process by which a flat neural
plate is gradually converted into a tubular structure
called the neural tube), ectodermal cells segregate into
the surface ectoderm, neural crest and neural tube
(Fig. 1A; Schoenwolf & Smith, 1990; Moore & Persaud,
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and contribute to the development of the peripheral
nervous system (PNS) and to a wide variety of non-
neural structures throughout the body (Fig. 1B; Moore
& Persaud, 1998; Le Douarin & Kalcheim, 1999; Gammill
& Bronner-Fraser, 2003). The remaining cells of the
neural tube form the neurons and glial cells of the
central nervous system (CNS) (Moore & Persaud, 1998;
Le Douarin & Kalcheim, 1999). The possibility that
some of these remaining cells could also emigrate and
assume different fates has not been fully explored, and
the neural crest cells are commonly treated as the sole
emigrating neural tube-derived cells that participate
in the development of non-CNS tissues. Accordingly,
the results of studies aimed at understanding the
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Fig. 1 The concept of emigration of two separate and distinct neural tube-derived cell populations: neural crest and VENT cells.
(A) Neural crest cells (green) arise from the dorsal region of the developing neural tube. They are HNK-1*. (B) Neural crest cells
emigrate from the dorsal midline, and contribute to the development of the PNS and a variety of neural and non-neural tissues.
This occurs in the cranial neural tube of the chick embryo between HH stages 9 and 11 (about E2). (C) VENT cells (red) arise from
the ventral region of the neural tube. They are HNK-1". VENT cells emigrate at the exit/entry site of all cranial nerves of the
midbrain and hindbrain through a transient breach in the basal lamina (blue) surrounding the neural tube. In the chick, this
begins to occur at about HH stage 16 (E3), i.e. considerably after the emigration of neural crest, but before the outgrowth/
ingrowth of axons from the neural tube to the nerves. Prior to the emigration of VENT cells, the cranial nerves contain neural
crest and/or placodally derived HNK-1* cells. After this emigration, the nerves also contain HNK-1~ VENT cells. Most VENT cells
continue their migration to target tissues of these cranial nerves. (D) About 1 day later (i.e. E4), the transient breach is sealed. By
E5, some of the VENT cells (red) that remain in the ganglia, and neural crest and/or placodally derived cells (green), differentiate
into sensory neurons, with axons entering the neural tube through a fenestrated basal lamina. Motor neuron (purple) axons
similarly exit the neural tube. FP, floor plate.
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basic mechanisms of normal development, and the
underlying causes of congenital malformations, are
interpreted within this conceptual framework. In con-
trast to this view, our investigations of avian embryos
(chick, quail and duck) have demonstrated the exist-
ence of a second neural tube-derived cell population
that participates in the development of the PNS and a
variety of non-neural structures. On the basis of its site
of origin and route of migration, we have named this
cell population the ventrally emigrating neural tube
(VENT) cells (Ali et al. 1999; Sohal et al. 1999b,c). The
contribution of VENT cells will need to be integrated
into the existing conceptual framework.

The concept of VENT cells

Our concept is that after the emigration of the neural
crest, a second cell population emigrates from the
neural tube. These cells originate from the ventral part
of the cranial neural tube and emigrate at the exit/
entry site of all cranial nerves of the midbrain (cranial
nerves Il and 1IV) and hindbrain (cranial nerves V=XII)
(Fig. 1C). This emigration takes place through a transient
breach in the basal lamina surrounding the neural tube.
This breach occurs prior to the ingrowth/outgrowth of
axons through the entry/exit sites on the neural tube in
motor, sensory and mixed cranial nerves (Fig. 1C). Most
VENT cells migrate in association with the nerves and
contribute to the development of their target tissues
(Fig. 1C). Some VENT cells remain in the ganglia of the
sensory and mixed cranial nerves, and differentiate
into neurons (Fig. 1D). VENT cells differ from neural crest
cells in at least four ways: they originate in the ventral
(not the dorsal) neural tube; they emigrate at the sites
of nerve exit/entry (not the dorsal midline); in the chick
they emigrate at Hamburger & Hamilton (1951) stage
16 onwards (not stages 9-11) (Johnston, 1966; Noden,
1975; Tosney, 1982); and they do not express the neural
crest (and placodal cell) antigen HNK-1 (Vincent & Thiery,
1984; see below). Thus, VENT cells represent a second
neural tube-derived emigrating cell population, whose
origin and migration are topographically and temporally
distinct from the neural crest. Therefore, the fate of all
neural tube cells is not restricted to forming the CNS.

The origin of the idea of VENT cells

The idea of VENT cells originated from three different
types of observations from histological sections of
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normal (i.e. unmanipulated) embryos. The first line of
circumstantial evidence was that, shortly after the
cranial nerves become morphologically identifiable,
the ventral part of the neural tube is directly connected
with the nerve, as if there was no physical barrier
between their cell populations (Sohal et al. 1996; Fig. 2A,
cranial nerve lll, motor). The ventral neural tube cells
are continuous with the cells in the nerve and they
appear to be morphologically identical (Fig. 2A). This
continuity is only apparent in 3-4 consecutive sections,
and is easily missed. Such physical and cellular continuity
is transient, lasting about a day (Fig. 2B, cranial nerve
I, motor). Basal lamina is thought to separate nerves
from the neural tube, and continuity most likely arises
from a transient breach (Erickson, 1987; Niederlander &
Lumsden, 1996). This observation raised the possibility
that some ventral neural tube cells could emigrate
through the exit/entry site of the nerves during the
transient period of physical continuity.

The second line of circumstantial evidence came
from the pattern of expression of the HNK-1 antigen.
HNK-1 is generally considered to be a good marker for
neural crest and placodally derived cells (Vincent &
Thiery, 1984). Prior to the physical continuity between
the ventral neural tube and the cranial nerves of the
midbrain and hindbrain described above (and before
axon ingrowth/outgrowth), the cranial nerves contain
predominantly or exclusively HNK-1* cells (Fig. 2C,
cranial nerve V, mixed). For motor nerves, these HNK-1*
cells are neural crest-derived precursors of Schwann
and supporting cells. For sensory and mixed nerves,
the HNK-1* cells are both neural crest and placodally
derived. The neural crest cells give rise to neurons,
Schwann and supporting cells, the placodally derived
cells to neurons only (Le Douarin & Kalcheim, 1999).
After this continuity, the nerves clearly contain a het-
erogeneous mixture of cells, some HNK-1* and others
HNK-1- (Fig. 2D, cranial nerve V, mixed). Further, the
HNK-1* cells were primarily located in the periphery of
the nerves, whereas the HNK-1~ cells were primarily
located in the central portion (Fig. 2D). It was reasoned
that whereas the HNK-1* cells represent neural crest
and/or placodally derived cells (because both cell
populations are HNK-1* Vincent & Thiery, 1984), the
HNK-1" cells may have emigrated from the ventral part
of the neural tube into the nerve during the transient
period of physical continuity between them.

The third line of circumstantial evidence came from
the expression pattern of the homeobox gene Islet-1.
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During the period of direct continuity between the
ventral neural tube and the trigeminal ganglion, a trail
of Islet-1* cells extends ventrolaterally from the region
adjacent to the floor plate up to the attachment point
of the ganglion, and into the ganglion (Sohal et al.
1996; Fig. 2E,F; cranial nerve V, mixed), as if some Islet-
1* cells are destined to emigrate into the ganglion.

In summary, the transient lack of a barrier could allow
ventral neural tube cells to emigrate into the nerve,
and at least some of the HNK-17, Islet-1* cells could be
the emigrated cells. Such circumstantial evidence and
reasoning formed the basis of the idea of VENT cells,
which was subsequently investigated experimentally.

Operational definition of VENT cells

Based on the circumstantial evidence and reasoning
outlined above, VENT cells were defined operationally
as a population of ventral neural tube cells which
emigrates considerably after neural crest, emerges from
the exit/entry site into the cranial nerves and is HNK-1".
These VENT cells disperse into the target tissues of the
nerves. Presently, no specific markers are available for
the identification of VENT cells. However, they can be
identified based on the operational definition by
labelling cells in the ventral part of the neural tube at
stage 13 or 14, i.e. considerably after the emigration
of neural crest (Johnston, 1966; Noden, 1975; Tosney,
1982), and subsequently monitoring the presence of
the labelled cells outside the neural tube. Labelled cells
initially appear in the adjacent nerve and later migrate
in association with the nerve to progressively further
locations. Because the labelling is performed at a stage
past neural crest emigration, labelled migrating cells
should not be neural crest-derived. This can be con-
firmed immunohistochemically, as the labelled VENT
cells do not express the neural crest cell antigen HNK-1
(Vincent & Thiery, 1984).
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Evidence consistent with the idea of VENT cells

Four different types of experimental approaches have
been used to test the validity of the idea of VENT cells
using the operational definition described above. Cranial
neural tube cells were labelled with the vital dye Dil,
lacZ-expressing retroviral infection, green fluorescent
protein (GFP) gene electroporation and quail chimeras.
In the first three approaches, label or marker is intro-
duced into the lumen of the neural tube, and, after an
interval, tagged cells are identified in adjacent tissues.

Evidence for VENT cells from Dil labelling

The vital dye Dil is irreversibly incorporated into the
plasma membrane of cells that contact the dye (Sims
et al. 1974; Honig & Hume, 1986; Collazo et al. 1993). It
is not spread from labelled to unlabelled cells (but is
diluted by cell division). The position of the dye can be
monitored by fluorescence microscopy. A concern of
dye labelling techniques is leakage. An advantage to
Dil labelling is that leakage can be observed directly
and immediately following injection, and such embryos
rejected (Ali et al. 2003b).

In initial studies, the ventral neural tube cells in the
rostral hindbrain of duck embryos were focally labelled,
by using a small piece of Dil-infiltrated paper, after the
emigration of neural crest from this region (Sohal et al.
1996). About 12 h later, labelled cells were detected
only in the ventral part of the neural tube, in the region
of the Dil filter paper. One day after labelling, a trail of
labelled cells could be easily followed from the ventral
part of the neural tube into the adjacent trigeminal
ganglion. The emigration of cells was restricted to the
site of attachment of the ganglion. Thus, labelling the
ventral part of the neural tube resulted in the subse-
quent presence of labelled cells in the ganglion, which
suggests the emigration of VENT cells. When ventral

Fig. 2 Circumstantial evidence for the VENT cells from normal (i.e. experimentally unmanipulated) embryos. The ventral neural
tube is directly connected transiently with the cranial nerves. (A,B) H&E-stained cross-sections of quail embryos. nt, midbrain
neural tube; IlI, the third cranial nerve. Continuity between the ventral neural tube and the nerve is seen at E3 (A, arrowheads)
but not at E4 (B, arrowheads). Differential distribution of the HNK-1 antigen. (C,D) Sections through the hindbrain neural tube
and fifth cranial nerve of quail embryos at E2.5 (C) and E3 (D), immunostained with anti-HNK-1 antibody. HNK-1* cells are dark
brown, whereas HNK-1" cells are unstained. nt, neural tube. Prior to continuity with the neural tube, the ganglion comprises HNK-
1* cells (C). After continuity is established at E3, the ganglion also contains regions of HNK-1~ cells, continuous with the neural
tube (D). The HNK-1" cells are mainly in the central regions, whereas the HNK-1* cells are mainly in the periphery of the ganglion.
(E,F) Expression pattern of Islet-1. A section through the hindbrain neural tube and fifth cranial nerve of an E3.5 chick embryo is
shown in bright-field (E) and fluorescence (F) after immunostaining with anti-Islet-1 antibody. fp, floor plate; g, ganglion; nt,
neural tube. Arrowheads point to a trail of Islet-1* cells in the ventral neural tube, extending into the ganglion. Scale bar,

(A) 32 um; (B) 28 um; (C) 32 um; (D) 29 um; (E, F) 75 um.
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neural tube cells were labelled in the caudal hindbrain
or in the rostral or caudal midbrain, no labelled cells
were seen in the trigeminal ganglion. This indicated

that ventral emigration of cells into the trigeminal
ganglion was limited to the adjacent region associated
with the ganglion. When cells of the dorsal part of the
neural tube were labelled at the same stage, labelled
cells were not seen in the ganglion or outside the
neural tube. This indicated that after the emigration of
neural crest, cells from the dorsal part of the neural
tube do not emigrate (Sohal et al. 1996).

These experiments suggested that after the emigra-
tion of neural crest, an injection of the Dil solution into
the lumen of the neural tube could be used to label the
prospective VENT cells (Ali et al. 2003b). A typical result
of Dil labelling is shown in Fig. 3 (cranial nerve llI,
motor). When Dil was injected into the lumen of the
chick midbrain neural tube at stage 14 (after the
emigration of the neural crest), numerous Dil-positive

Fig. 3 Emigration of Dil-labelled VENT
cells from the chick midbrain neural tube
into cranial nerve lll. Dil was injected into
the lumen of the midbrain after the
emigration of neural crest cells (E2, stage
14), and fixed at E3.5, as described (Ali
et al. 2003b). A-D show images of the
same section of the embryo through the
neural tube and the third cranial nerve:
(A) bright-field image; (B) Dil
fluorescence; (C) HNK-1
immunostaining; and (D) merged Dil and
HNK-1 images. nt, neural tube; Ill, third
cranial nerve. A trail of red fluorescent
emigrating cells is seen in the nerve (B).
The pattern of HNK-1 staining (green
fluorescence) is not consistent with the
Dil-labelled emigrating cells (C and D).
Scale bar, 67 um.

cells were subsequently observed in the third cranial
nerve, consistent with emigration of the labelled VENT
cells from the midbrain neural tube (Fig. 3A,B). The Dil-
labelled VENT cells were HNK-17, indicating that they are
not derived from the neural crest (Fig. 3C,D). A neural
crest origin of the Dil-labelled cells would not be expected
because the neural tube cells were labelled after the
emigration of neural crest. As observed in quail embryos
during normal development (Fig. 2), the Dil*, HNK-1~
VENT cells were localized in the centre of the nerve,
whereas the HNK-1* cells were primarily in the periphery.
Similar results were seen for all other cranial nerves of
the midbrain and hindbrain (i.e. cranial nerves I11-XII).

Evidence for VENT cells from recombinant retroviral
LacZ labelling

Tagging of cells by LacZ expression has also been
employed (Bockman & Sohal, 1998; Sohal et al. 1998b;
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Ali et al. 2003b). Viral particles infect single cells, and
the infected cells are detected histochemically. An
advantage of this method over Dil labelling is that the
label is not diluted following cell division, so tagged cells
can be followed for longer. Two replication-deficient
retroviral vectors containing the LacZ gene were utilized
(Galileo et al. 1990, 1992). One vector (LZ12) expresses
LacZ in the nucleus whereas in the other (LZ14) it is
localized in the cytoplasm. LZ12 is derived from Molony
murine sarcoma and leukaemia viruses, whereas LZ14 is
derived from Rous sarcoma virus. The viral concentrate
(0.2 uL) was injected into the lumen of the hindbrain
neural tube of chick embryos after the emigration of
neural crest (Sohal et al. 1998b). In control embryos, the
vector was placed on the dorsal part of the neural tube:
this did not label cells anywhere in the embryo (e.g.
Fig. 4A). One day after the introduction of the vector
into the lumen of the caudal hindbrain, labelled cells
were restricted to the ventral neural tube (Fig. 4B,C).
Shortly thereafter, labelled cells were seen in the adjacent
ganglion of the vagus nerve (Fig. 4D; cranial nerve X,
mixed). Thus, labelling the hindbrain neural tube later
resulted in the presence of the labelled cells in the adja-
cent ganglion, indicating emigration of VENT cells. The
emigrated cells were HNK-1-, consistent with their non-
neural crest origin (Fig. 4E-G). Similar results were seen
in all other cranial nerves of the midbrain and hindbrain.

Evidence for VENT cells from GFP electroporation

Cells were labelled at different positions along the
neural tube by injection of an enhanced GFP expression
vector into the lumen followed by electroporation
(Nakamura & Funahashi, 2001), after the emigration of
neural crest. This technique has two advantages. First,
by manipulating the placement of the electrodes, uni-
lateral labelling can be achieved, providing a negative
control within the same embryo. Second, by reversing
the electrode polarity, the dorsal neural tube can be
labelled, providing a control for migration via this route.
Dorsal labelling resulted in the subsequent absence of
any GFP-positive cells outside the neural tube (Fig. 5A-
C). When labelled ventrally, GFP* cells were subse-
quently found in the ventral part of the neural tube
and the adjacent ganglia (Fig. 5D-F, cranial nerve V,
mixed). Thus, labelling the ventral part of the neural
tube resulted in the subsequent presence of labelled
cells in the corresponding nerve, demonstrating
emigration of VENT cells. Immunostaining with the
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neural crest marker HNK-1 revealed that the emigrated
GFP* cells were HNK-17, indicating that they were not
derived from the neural crest (Fig. 5G-I). Using this
method, emigration of VENT cells was confirmed in all
cranial nerves of the midbrain and hindbrain except
the fourth, which develops later than the period
examined (Sohal et al. 1985).

Evidence for VENT cells from quail chimeras

In the fourth approach, quail chimeras were utilized.
Portions of the Japanese quail neural tube were trans-
planted into Bob White quail after the emigration of
neural crest, but prior to the emigration of VENT cells.
The grafts were enzymatically treated with dispase |
to remove any adhering cells, as described (Kontges &
Lumsden, 1996). The grafted Japanese quail cells were
identified using the species-specific antibody QCPN.
Three major advantages of this technique are that it
does not involve injection (and therefore issues related
to leakage are obviated), all emigrating cells can be
detected (not just a tagged subset) and emigration
of cells can be examined from either dorsal or ventral
halves of the neural tube.

When the dorsal half of the neural tube was grafted,
the QCPN-positive cells were not seen in the adjacent
ganglion or outside the neural tube (Fig. 6A, cranial
nerve V, mixed), indicating that cells from the dorsal
part of the neural tube do not emigrate after the
emigration of neural crest, as also observed by other
labelling techniques. When ventral segments of the
Bob White quail neural tube were replaced with the
corresponding segments from the Japanese quail, many
QCPN-positive Japanese quail cells were consistently
detected in the adjacent ganglia (Fig. 6B, cranial
nerveVIl/VIIl mixed/sensory). They were generally
located in the centre of the nerve, as observed for
other labelling techniques (see above). The emigrated
cells were HNK-1- (Fig. 6C-E). This demonstrated
emigration of VENT cells. Because dorsal transplants do
not produce emigrating cells, but ventral transplants
do, complete neural tubes were transplanted after the
emigration of neural crest, which is technically easier.
This approach showed that VENT cells emigrate at all
cranial nerves of the midbrain and hindbrain. Using
quail-chick chimeras, Boot et al. (2003) also reported
emigrated QCPN* quail cells in the cranial nerve
ganglia of the hindbrain following transplantation of
the neural tube after neural crest emigration.
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Technical issues in the detection of VENT cells

At least two issues relate to any labelling method:
(1) does the label reach the target cell population, and
how efficiently does it label them; and (2) is the label-
ling restricted to the target cell population? Following
injection into the lumen of the neural tube, label must
diffuse through the cell layers to reach the target
cells. It might be anticipated that viral particles would
diffuse more slowly than dye, infecting cells along their
path, and therefore have a higher probability of infect-
ing cells adjacent to the lumen than more peripheral
cells within the neural tube. At present, we do not
know the exact location of the VENT cell progenitor
population within the ventral neural tube at the time
of labelling. If the VENT cell progenitor location is in
the periphery of the ventral neural tube at the time of
labelling, then viral and Dil labelling (and probably
electroporation) are likely to be relatively inefficient.
Over 3500 embryos have now been injected with lacz-
expressing retrovirus. As previously reported (Bockman
& Sohal, 1998; Sohal et al. 1998b, 1999b, 2002), even at
the higher viral titres used (107 infectious particles mL™;
0.2 uL injected), about 20-58% of the embryos did not
show incorporation into neural tube cells. At lower viral
titres (10° infectious particles mL™; 0.2 uL injected),
almost 100% of the embryos failed to show incorpora-
tion. Of the embryos that did show incorporation, only
a proportion (roughly 20%) had significant labelling of
the VENT cell precursor population due to the random
nature of the infection, site of precursor cells, etc. About
14 embryos showing incorporation would need to be
examined for a 95% probability of finding at least one
(about three expected) with VENT cell precursor
population labelling. Furthermore, the precise timing
of VENT cell emigration has not been fully defined.
Thus, VENT cell emigration is likely to be missed in a
proportion of appropriately labelled embryos. Similar
arguments apply to Dil labelling. Therefore, relatively
large numbers of embryos (as employed by Bockman
& Sohal, 1998; Sohal et al. 1998b, 1999b, 2002) are
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required to detect or exclude VENT cells with statistical
reliability.

Boot et al. (2003), using a replication-incompetent
retrovirus containing the bacterial /lacZ gene to label
chick neural tube cells, failed to find evidence for VENT
cells migrating into the heart. They suggested that the
labelled cells in the myocardium found by Sohal and
co-workers (see below) were the result of virus leakage
during injection, leading to labelling of mesenchymal
cells. However, labelling is limited to the hindbrain
when the vector is injected into the lumen, and there is
no feasible route for virus to traffic to the mesen-
chyme. In addition, viral labelling tagged cells in the
myocardium, but not the epicardium or endocardium
(Sohal et al. 1999b; see below), which are all classically
thought to develop from mesodermal mesenchyme.
Moreover, leakage does not explain why deliberate
placement of virus on the dorsal part of the neural tube
failed to label cells in the embryo in a manner mimick-
ing VENT cell labelling (Sohal et al. 1998b; Ali et al.
2003b). It should be noted that relatively few embryos
(up to ten) were examined by Boot et al. (2003). As
pointed out earlier, the limitations of the retroviral
labelling efficiency require large numbers of embryos
to be injected. It is therefore likely that the failure by
Boot et al. (2003) to detect VENT cells in the heart was
the result of limited sampling.

Based on data compiled from about 1600 electropor-
ated embryos, the survival rate is 27.3% (437/1600). Of
the surviving embryos, 60.9% (266/437) showed ventral
neural tube labelling, and of these labelled embryos,
only 49.3% (131/266) showed one or more labelled
nerves. For these efficiencies, at least nine surviving
embryos, or five embryos with ventral neural tube label-
ling, would need to be examined for a 95% probability
of observing VENT cells in a cranial nerve in at least one
embryo. Put another way, at least seven appropriately
labelled embryos would need to be examined to reduce
the probability of seeing no VENT cells to 1%.

Yaneza et al. (2002) examined VENT cell emigration
using electroporation of a GFP-expressing plasmid

Fig. 4 Emigration of lacZ-retrovirus-labelled VENT cells from the chick hindbrain neural tube into cranial nerves. (A,B) Whole
mounts of embryos histochemically stained for lacZ detection (blue cells). (A) Virus was placed on the dorsal part of the neural
tube on E2. No labelled cells were seen on E3. (B) Virus was injected into the lumen of the hindbrain neural tube after the
emigration of neural crest cells (E2, stage 14), as described (Sohal et al. 1998b). Labelled cells were restricted to the ventral part
of the neural tube 1 day after injection (E3) (arrowheads). (C) No emigrated VENT cells are visible in the adjacent seventh and
eighth cranial nerve ganglia 1 day after labelling (E3). g, ganglion; nt, neural tube. (D) Emigrated cells are visible in the adjacent
tenth cranial nerve ganglion on E4 (arrowheads). A section adjacent to that shown in D was histochemically stained for lacZ (E),
immunostained for HNK-1 (F) and the images merged (G). The pattern of HNK-1 staining (green fluorescence) is not coincident
with the lacZ* emigrated cells. Scale bar, (A and B) 555 um; (C) 108 um; (D) 24 um; (E-G) 33 um.
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Fig. 5 Emigration of GFP-labelled VENT cells from ventrally but not dorsally labelled chick neural tube. Neural tube cells were
labelled on E2 (stage 14) by electroporation of an enhanced GFP expression vector (pEGFP-N1, Clontech). Vector solution

(1.2 ug uL™" of plasmid DNA in PBS with 0.125% fast green) was injected into the hindbrain neural tube after the emigration of
neural crest. Electrodes were placed on either side of the neural tube and six pulses (25 V, 50 ms duration) were applied. Dorsal
labelling was obtained by reversing the electrode polarity. Embryos were fixed from E3.5 to E4 in 4% paraformaldehyde and
sections were evaluated for GFP-positive cells. (A-C) A dorsally labelled neural tube section with the adjacent cranial nerve
ganglion is shown. (A) Bright-field view; nt, neural tube; |, lumen; g, ganglion. (B) Fluorescence view; (C) merged image. No GFP-
labelled cells are seen outside the neural tube. (D-F) A ventrally and unilaterally labelled neural tube sectioned through the fifth
cranial nerve is shown. (D) Bright-field view; nt, neural tube; |, lumen; g, ganglion; nc, notochord; fp, floor plate. (E) Fluorescence
view; (F) merged image. Labelled emigrated cells are seen in the ganglion. (G) Higher magnification of the labelled ganglion
shown in E. (H) The same section immunofluorescently stained with an anti-HNK-1 antibody. (I) Merged image of G and H. The
labelled, emigrated cells are HNK-1". Scale bar, (A-C) 73 um; (D-F) 57 um; (G-I) 40 um.
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Fig. 6 Emigration of VENT cells from ventral but not dorsal neural tube transplants in quail chimeras. Dorsal or ventral segments
of the Bob White quail neural tube were replaced with the equivalent region of the Japanese quail neural tube after the
emigration of neural crest (E2, stage 13), as described (Ali et al. 2003b). Embryos were fixed in Bouin’s at E3.5-E4, sectioned and
immunostained with the species-specific monoclonal antibody QCPN. This antibody stains cells of the Japanese quail but not of
the Bob White quail (Ali et al. 2003b). (A) Dorsal transplant; (B) ventral transplant. dnt, dorsal neural tube; vnt, ventral neural
tube; g, ganglion. Emigrating cells are only seen with the ventral transplant. (C) Enlarged view of the ventrally labelled ganglion
seen in B. (D) The same section immunofluorescently stained with anti-HNK-1 antibody. (E) Merged image of Cand D. The QCPN*
emigrating cells are HNK-1". Scale bar, (A) 110 um; (B) 64 um; (C-E) 40 um.

injected into the lumen of the chick cranial neural
tube at stage 14 (i.e. after neural crest migration has
ceased). Fluorescent cells were then followed over a
period of 3 days using a fluorescence microscope. GFP-
expressing, ventrally emigrating cells were not detected.
There are several possible explanations for a failure to
detect VENT cells by this approach. First, as mentioned
above, a large number of embryos are needed to detect
multiple cases of VENT cells by this method. Relatively
few embryos (seven or fewer per experiment) were
examined by Yaneza et al. (2002). Thus, in some cases
the failure to find VENT cells may have been simply due
to limited sampling. Second, in some instances the site
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of labelling in the neural tube may not have labelled
effectively the VENT cell progenitor population. At
present, the exact location(s) of these populations
within the ventral neural tube during the period of
labelling are not known. Third, whole live embryos were
examined under the fluorescence microscope. Migrat-
ing VENT cells may have been unresolved in some cases.
Fourth, Yaneza et al. (2002) used a B-actin promoter to
drive the expression of GFP. Cell-type-specific expres-
sion of B-actin is well known. It is not known if this
promoter is active in HNK-1" cells, or in VENT cells. By
contrast, we used a promiscuous cytomegalovirus
(CMV)-derived promoter to drive GFP expression.
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The phenomenon of neural tube cell
emigration

Four entirely different experimental strategies have
now been used to test the validity of the idea of VENT
cells. Bearing in mind the technical issues discussed
above, all four gave the same result: VENT cells emigrate
into the cranial nerves after the emigration of neural
crest. The phenomenon of emigration of VENT cells is
unlikely to be related to a specific functional modality
subserved by the nerve, because it occurs in all cranial
nerves (sensory, motor and mixed) of the midbrain and
hindbrain. Furthermore, the presence of a ganglion is
not required for the emigration of VENT cells. There-
fore, mechanisms governing their emigration are likely
to reside within the ventral neural tube itself and/or at
the barrier between the neural tube and the exit/entry
site of the nerve, which is considered to be composed of
basal lamina and the boundary cap cells (Niederlander
& Lumsden, 1996; Golding & Cohen, 1997).

As previously noted (Erickson & Weston, 1999), we
should perhaps be not too surprised that the neural tube
can give rise to emigrating cell populations besides neural
crest. The first and second cranial nerves arise from the
forebrain neural tube, and some forebrain neural tube
cells migrate and contribute to the target tissues of these
nerves. The major interneurons in the olfactory bulb form
from cells migrating from the forebrain in association
with the first (olfactory) cranial nerve (Luskin, 1993; Lois
& Alvarez-Buylla, 1994; Pencea & Luskin, 2003). In addi-
tion, it has long been known that neural tube cells from
the forebrain contribute to the pigmented epithelium
and neural retina of the eye via the second (optic) cranial
nerve. We have shown emigration of VENT cells from the
third to the twelfth cranial nerves, i.e. from the midbrain
and hindbrain. There have been several reports indicat-
ing the emigration of cells from the developing spinal
cord (reviewed by Erickson & Weston, 1999). Cells emig-
rate at the site of attachment of the dorsal and ventral
roots in avian embryos and differentiate into neurons
and supporting cells of the PNS, and into melanocytes
(Weston, 1963; Lunn et al. 1987; Loring et al. 1988; Sharma
et al. 1995). Thus, some non-neural crest cells can leave
the neural tube along the entire rostrocaudal length.

Fate of VENT cells

Most VENT cells continue their migration in the nerves
and populate their target tissues. We have followed the

fate of some of the labelled VENT cells that emigrate
into the trigeminal (fifth), vestibulocochlear (eighth)
and vagus (tenth) nerves. VENT cell migration in
association with the trigeminal and vagus nerves has
been followed by tagging with lacZ retroviral vectors
(Ali et al. 1999, 20033a; Sohal et al. 1998a,b, 1999a,b,c);
migration in association with the vestibulocochlear
(eighth cranial) nerve has been studied using Dil and
LacZ tagging and quail chimeras (Ali et al. 2003b). It
should be noted that the descriptions of target tissues
provided below are incomplete because of the limita-
tions of the labelling techniques.

The trigeminal nerve innervates the first arch. In the
adult, it carries sensory information from the face and
oral cavity, and provides motor innervation to the
muscles of mastication. The vestibulocochlear nerve
carries sensory information from the hair cells of the
vestibular organ and the cochlea. The vagus nerve has
multiple targets and functions (sensory and motor),
including providing innervation to the heart and to the
gastrointestinal tract and associated glands.

The tissues innervated by these cranial nerves are
derived collectively from the three germ layers of the
embryo (ectoderm, mesoderm and endoderm), and
contain cells representing the four basic tissue types of
the body (nerve, connective, muscle and epithelial). To
date, the first pharyngeal arch mesenchyme has been
generally considered to form from mesodermal and
neural crest cells only (Le Douarin & Kalcheim, 1999).
Craniofacial muscles develop from this arch mesen-
chyme, which also gives rise to the smooth muscle cells
of craniofacial blood vessels (Noden, 1988; Le Douarin
& Kalcheim, 1999). Meckel’s and quadrate cartilages
of the first arch have been believed to develop from
neural crest only (Le Douarin & Kalcheim, 1999). The
endolymphatic duct, semicircular canals, saccule,
utricle and cochlea of the inner ear, and neurons of
the vestibulocochlear ganglia develop from the otic
vesicle. The otic vesicle has previously been thought to
be formed solely from non-neural ectodermal cells (the
otic placode), and the inner ear to be mostly derived
from these cells with a minor contribution of neural
crest cells, which differentiate into melanocytes in
the stria vascularis and Schwann cells (Noden & Van
De Water, 1986; Fritzsch et al. 1998; Moore & Persaud,
1998; Torres & Giraldez, 1998; Fekete & Wu, 2002). To
date, epidermis was believed to develop from surface
ectoderm and dermis of the face from neural crest
(Le Douarin & Kalcheim, 1999). Traditionally, the heart
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Fig. 7 Differentiation of VENT cells into nerve tissue. Emigration of VENT cells into nerve tissue was monitored by tagging ventral
neural tube cells with lacZ retrovirus at stage 14. Labelled cells were subsequently detected histochemically (blue-stained cells,
A-D). (A) Some of the VENT cells that had emigrated into the trigeminal ganglion (g) remained in the ganglion by E6. (B) Some
of these VENT cells expressed B-tubulin (arrowheads), a marker for neuronal tissue (brown immunostained cells). (C) A section of
an E9 duodenum is shown. Some VENT cells migrating in association with the vagus nerve populated the region of the ENS in
the gut. mp, myenteric plexus; sp, submucosal plexus; sm, smooth muscle layer. (D) Some of these VENT cells expressed B-tubulin,
indicating differentiation into neurons of the ENS (arrowheads). Scale bar, (A) 119 um; (B) 14 um; (C) 21 um; (D) 15 um.

is considered to be derived from neural crest and
mesoderm (Noden, 1991; Fukiishi & Morriss-Kay, 1992;
Mikawa et al. 1992; Moore & Persaud, 1998; Kirby,
1999; Le Douarin & Kalcheim, 1999; Yutzey & Kirby,
2002). The liver is considered to develop from endo-
derm, which gives rise to the hepatocytes, and meso-
derm, which provides the precursors of all other cell
types found in this organ (Moore & Persaud, 1998).
Similarly, the epithelium of the gastrointestinal tract
also develops from the endoderm, and the connective
tissue and smooth muscle of the walls of the gastro-
intestinal tract from mesodermal mesenchyme (Moore
& Persaud, 1998). The interstitial cells of Cajal (1CQC),
which act as pacemakers for gastrointestinal tract
motility and connect the enteric nervous system
(ENS) and the smooth muscle cells, are also thought
to develop from this mesenchyme (Lecoin et al. 1996;
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Kluppel etal. 1998; Young, 1999; Ward & Sanders,
2001a,2b). The neurons and glial cells of the ENS have
traditionally been considered to be derived exclus-
ively from neural crest (Yntema & Hammond, 1954;
Gershon, 1997; Moore & Persaud, 1998; Le Douarin &
Kalcheim, 1999; Burns & Le Douarin, 2001; Young &
Newgreen, 2001).

Differentiation of VENT cells into nerve tissue

LacZ-tagged VENT cells began to appear in the chick
trigeminal ganglion at about embryonic day 3 (E3),
with the numbers increasing through E3.5 (Sohal et al.
1998b). Some VENT cells remained in the ganglion, and
did not migrate further (Fig. 7A). By E6, some of these
cells expressed B-tubulin, a neuronal marker (Fig. 7B).
Thus, some VENT cells contribute neurons to the
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sensory ganglia of the cranial nerves. Therefore, three
precursor cell populations provide neurons to the PNS:
neural crest, placodes and VENT cells.

As for the trigeminal ganglion, by E3.5 a trail of VENT
cells was observed extending from the neural tube to
the vestibulocochlear nerve, consistent with emigration
through the site of attachment of the nerve to the
neural tube (Ali et al. 2003b). Immunostaining with an
antibody to neurofilaments revealed that some VENT
cells in the vestibulocochlear ganglia differentiated
into neurons. Thus, neurons of the eighth cranial nerve
are derived from two populations, otic placode and
VENT cells.

LacZ-tagged VENT cells appeared in the vagus nerve
on embryonic day E3, and entered the foregut by E4. By
E6, some of these VENT cells were localized to the
presumptive myenteric and submucosal plexus regions of
the duodenum and stomach (Sohal et al. 2002; Fig. 7C).
These cells were HNK-17, in contrast to the vagal crest-
derived cells in the plexuses. By E9, some VENT cells in
both plexuses stained well with B-tubulin (a marker for
neurons) (Fig. 7D), whereas others stained with GFAP
(a marker for glial cells). Thus, some VENT cells had
differentiated into neurons and glial cells. Therefore,
the ENS develops from two sources of cells, neural crest
and VENT cells.

Differentiation of VENT cells into muscle tissue

By E4, although some LacZ-tagged VENT cells remained
in the trigeminal ganglion, other VENT cells had
reached the mesenchyme of the first pharyngeal
arch. By E7, VENT cells were seen in the myotubes of
the craniofacial muscles (Sohal et al. 1998a). These cells
stained with a monoclonal antibody to skeletal muscle
fast myosin, indicating their differentiation into muscle
(Fig. 8A). o-Actin smooth muscle-positive VENT cells
were also detected in larger arteries and veins, indicat-
ing differentiation into vascular smooth muscle (Ali
et al. 1999). Thus, craniofacial skeletal and smooth
muscle cells develop from three sources of cells:
mesoderm, neural crest and VENT cells.

Some of the VENT cells in the vagus nerve subse-
quently migrated into the heart by E4 (Sohal et al.
1999b; Ali et al. 2003a). VENT cells were detected in a
variety of locations in the myocardium and the great
vessels of the heart, but not in the epicardium or endo-
cardium. Immunostaining for MF20, which is specific
for cardiac myocytes, or for o-actin smooth muscle

Fig. 8 Differentiation of VENT cells into muscle tissue. Pre-
emigratory VENT cells were labelled by injection of Lacz-
expressing retrovirus into the lumen of the neural tube of
stage 14 chick embryos. Emigrated, labelled cells in tissues
were subsequently detected histochemically (blue-stained
cells, A-C). (A) By E7, some lacZ-labelled VENT cells have
populated craniofacial muscle tissue, and are immunopositive
for skeletal muscle fast myosin (brown colour), indicating
differentiation into skeletal muscle. (B) By E8, some VENT cells
in cardiac muscle are immunopositive for a-actin smooth
muscle, which is also expressed in heart tissue, indicating
differentiation into cardiac muscle. vw, ventricular wall; t,
trabecula. (C) By E11, some VENT cells in the circular smooth
muscle layer of the duodenum express c-actin smooth muscle,
demonstrating differentiation of VENT cells into smooth
muscle cells. Scale bar, (A) 12 um; (B) 17 um; (C) 13 um.
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Fig. 9 Differentiation of VENT cells into
connective tissue. Pre-emigratory VENT
cells were labelled by injection of Lacz-
expressing retrovirus into lumen of the
midbrain or hindbrain neural tube of
stage 14 (E3) chick embryos. Emigrated,
labelled cells in tissues were
subsequently detected histochemically
(blue-stained cells, A and B). (A) By E7,
VENT cells were present in Meckel’s
cartilage (mc) and the surrounding
perichondrium (p). HNK-1* cells (brown
immunostain) are absent in the
perichondrium but are prominent in the
cartilage. The VENT cells are HNK-1".

(B) VENT cells populate the dermal layers
(d) of the craniofacial skin by E7. Unlike
other cells in the dermis (arrowheads,
brown immunostain), they are HNK-1-.
e, epidermis. Scale bar, (A) 22 um;

(B) 13 um.

(which is also expressed in the heart) showed that the
VENT cells in the myocardium had differentiated into
cardiac myocytes (Sohal et al. 1999b; Fig. 8B). Some of
the VENT cells contributed to the smooth muscle cells
of the great vessels of the heart. This observation is
consistent with a report that ventral neural tube trans-
plants in quail-chick chimeras can give rise to vascular
smooth muscle cells (Korn etal. 2002). Some vagal
VENT cells were localized to the circular smooth muscle
layer of the intestine by E11 (Bockman & Sohal, 1998).
Based on co-actin smooth muscle immunostaining, at
least some had differentiated into smooth muscle cells
(Fig. 8C). Thus, one major fate of VENT cells is to give
rise to cells in all three types of muscle in the body:
skeletal, smooth and cardiac. Some VENT cells located
adjacent to the smooth muscle cells in the gastrointes-
tinal tract differentiated into ICC, as indicated by
immunostaining for ¢-Kit (Sohal et al. 2002), a marker
for ICC (Maeda et al. 1992; Huizinga et al. 1995;
Torihashi et al. 1997; Epperson et al. 2000).
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Differentiation of VENT cells into connective
tissue

Some VENT cells migrating in association with the tri-
geminal nerve were subsequently found in the Meckel’s
cartilage and the surrounding perichondrium (Sohal
et al. 1999¢). This pattern was distinct from the distri-
bution of neural crest-derived HNK-1* cells, which were
found in the cartilage but not in the perichondrium
(Fig. 9A). A similar distribution of VENT cells was observed
in the quadrate cartilage (Sohal et al. 1999c¢). These dis-
tributions indicate that VENT cells differentiate into
chondrocytes, and play a role during cartilage forma-
tion. A mixed neural crest/non-neural crest cell popula-
tion in Meckel’s cartilage was previously observed in a
mouse Wnt1-Cre/R26R model for tracking neural crest
cell lineages (Chai et al. 2000). They suggested that
VENT cells might account for the non-neural crest cells.

Some VENT cells migrating in association with the
trigeminal ganglia were detected in the craniofacial
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dermis, indicating a role in skin development (Fig. 9B;
Sohal et al. 1999¢). These VENT cells were intermingled
with HNK-1* neural crest-derived cells.

Differentiation of VENT cells into epithelium

In addition to the dermis, VENT cells migrating in asso-
ciation with the trigeminal nerve were also detected in
the craniofacial epidermis (Fig. 10A; Sohal et al. 1999¢).
In some cases, columns of labelled cells spanning the
epidermis were seen. Therefore, VENT cells contribute
to all layers of the skin, and the epidermis of the face
develops from three sources of cells: surface ectoderm,
neural crest and VENT cells.

Some embryos at E3.5 showed VENT cells migrating
in association with the vestibulocochlear nerve in the
region adjacent to the ventral part of the otic vesicle
and in the otic vesicle itself (Ali et al. 2003b). By E4,
VENT cells were detected in different parts of the otic
vesicle, and by E5, in the endolymphatic duct, semi-
circular canals, saccule, utricle and cochlea that develop
from the otic vesicle. Therefore, the inner ear develops
from non-neural surface ectodermal epithelium (otic
placode), neural crest and VENT cells.

By E5, some VENT cells migrating in association with
the vagus nerve were found in the trabeculae, but
not the sinusoids, of the developing liver (Sohal et al.
1999a). These cells had the histological appearance
of hepatocytes, and stained with an antibody for
albumin, a hepatocyte marker (Fig. 10B). A significant
number of cells were found to have migrated into the
gastrointestinal tract by E6, where they were restricted
to the duodenum and stomach, which develop from
the foregut (Bockman & Sohal, 1998; Sohal et al. 2002).
As early as E5, some tagged cells had reached the
epithelial lining of the lumen of the duodenum and
stomach. In the duodenum, the cells were localized to
the deepest portions of the villi, where the epithelial
stem cells are located in the adult (Fig. 10C). In the
proventriculus (the glandular stomach of the chick),
some cells were localized in the gastric glands. These
locations are consistent with differentiation of the
VENT cells into epithelial cells.

Again, it should be emphasized that the list of fates
of VENT cells is presently incomplete, owing to the
limitations of labelling methods. As noted above, lacZ
labelling is relatively inefficient: only 23 out of 120
labelled embryos (19%) showed lacZ-positive cells
in the heart (Sohal etal. 1999b), and 27/127 (21%)

Fig. 10 Differentiation of VENT cells into epithelium. Pre-
emigratory VENT cells were labelled by injection of Lacz-
expressing retrovirus into lumen of the neural tube of stage
14 (E3) chick embryos. (A) VENT cells populate the epidermal
layers of the craniofacial skin by E7. Labelled VENT cells (blue)
are observed in all layers of the epidermis (e). In some cases
columns of labelled cells rise from the basal layers to the
superficial layers (arrowhead). Brown immunostained cells in
the dermis are HNK-1*, unlike the VENT cells. (B) By E11, many
VENT cells in the liver express albumin (brown immunostain),
a marker for hepatocytes. (C) Some VENT cells in the
duodenum differentiate into epithelial cells. The VENT cells
are often located in the deeper layers of the villi, which is
where the proliferating stem cells are located. Scale bar,

(A) 13 um; (B) 8 um; (C) 13 um.
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showed lacZ-positive cells in the gastrointestinal tract.
This emphasizes the importance of examining a large
number of embryos.

Collectively, the data indicate that the VENT cells
constitute a new neural tube-derived cell population
that can differentiate into cell types belonging to all
four basic tissues in the body: the nerve, muscle, con-
nective and epithelium. Thus, VENT cells are not only
multipotent, but also have the ability to contribute to
tissues derived from all three germ layers. However,
the full range of potential for VENT cells remains to be
determined, and final proof of functional differentia-
tion awaits detailed expression analysis. Conversely,
we do not know if any VENT cells in tissues retain stem
cell-like properties.

Several lines of evidence indicate that the neural
tube cells have the capacity to give rise to a variety of
cell types. For example, lineage studies have revealed
that neural tube cells can give rise to epidermal cells
(Selleck & Bronner-Fraser, 1995). They can generate
neural crest phenotypes after ablation of the neural
crest (Scherson et al. 1993; Sechrist et al. 1995) or after
transplantation into the neural crest migratory
pathways in the chick (Korade & Frank, 1996). Clonal
analysis of rat neural tube cells in culture has shown
that both CNS and neural crest phenotypes can arise
from a single cell (Kalyani et al. 1997, 1998; Mujtaba
et al. 1998; Rao, 1999). Thus, the fate of all neural tube
cells does not appear to be as rigid as previously
thought. This flexibility in the fate of the neural tube
cells is not surprising given the flexibility of adult
neural stem cells from the CNS (Bjornson et al. 1999;
Clarke et al. 2000). For instance, spinal cord cells have
been shown to differentiate into cartilage and muscle-
forming cells (mesodermally derived tissues) following
tail amputation in the axolotl (Echeverri & Tanaka,
2002). Adult neural stem cells give rise to derivatives
of all three germ layers when injected into the chick
embryo (Clarke et al. 2000).

Possible roles for VENT cells

At present, the function of VENT cells in development
is speculative. However, ablation experiments provide
some clues to their importance. Extirpation of the ventral
part of the caudal hindbrain neural tube (a source of
VENT cells) led to abnormalities of the heart and great
vessels, including misshapen and asymmetrical atria, and
narrowing of the great vessels (Ali et al. 2003a). The
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most common defect was persistent truncus arteriosus,
in which the truncus arteriosus fails to separate into
the aorta and the pulmonary trunk. Extirpation of the
ventral part of the rostral hindbrain neural tube (the
source of VENT cells for the fifth cranial nerve) led to a
variety of craniofacial abnormalities (Sohal et al. 2001).

The craniofacial and heart abnormalities that result
from ablation of presumptive VENT cell precursor
populations argue for a direct role in development of
normal morphologies. This could be by contributing
additional cells that differentiate into structural
components. However, this leads to the question of
why vertebrates would have evolved a mechanism to
provide supplemental cells to tissues, apparently
duplicating established developmental pathways.
Alternatively, VENT cells could be involved in inductive
interactions. An interesting possibility that fits with
either function is that VENT cells may serve to provide
a flexible evolutionary mechanism to modify the
morphology of a tissue that does not involve a repro-
gramming of more universal developmental pathways,
such as those involving Hox genes. As a consequence,
VENT cells could allow a broader range of phenotypic
variation in a trait than might be possible from tolerated
variations in other pathway components governing
that trait. Conversely, VENT cells could provide a
mechanism to ‘balance’ cell populations in developing
tissues of variants in other developmental pathways so
that an advantageous alteration in one tissue need not
be at the expense of another tissue. This is consistent
with ablation experiments (e.g. McKee & Ferguson,
1983; Scherson et al. 1993; Hunt et al. 1995; Sechrist
et al. 1995; Couly et al. 1996) that show normal (or near
normal) development of tissues after removal of neural
crest. These roles would have implications for selection
of developmental mutations during evolution.

Another possibility is that VENT cells may provide
a reservoir of multipotent cells (stem cells) that are
involved in tissue repair. A fifth possibility, consistent
with the migration pathways followed by VENT cells, is
that they may be involved in establishing appropriate
connections between the nervous system and target
tissues. Which of these possibilities are correct, if any,
awaits further discoveries.

Summary and future directions

Neural crest is often considered to be the sole neural
tube-derived emigrating cell population; consequently,
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the fate of the remaining neural tube cells has been
assumed to be restricted to forming the CNS. The idea
presented here is somewhat different: the fate of
all non-neural crest neural tube-derived cells is not
restricted to forming the CNS, and the neural tube
provides a second emigrating cell population, the
VENT cells. The idea of VENT cells originated from three
main observations from normal (i.e. experimentally
unmanipulated) embryos: (1) the transient continuity
between the ventral neural tube and the cranial nerves;
(2) after this continuity, the appearance of HNK-1-cells
in the nerves; and (3) the trail of Islet-1* cells extending
from the ventral part of the neural tube into the
ganglia. These observations were interpreted to mean
that some ventral neural tube cells could emigrate
into nerves during this period of a transient lack of a
barrier. This led to the operational definition of VENT
cells: they emigrate considerably later than that of
neural crest cell emigration, migrate into cranial nerves
and are HNK-1". Four entirely different labelling
methods based on this operational definition confirmed
the existence of VENT cells. Therefore, the neural tube
provides at least two emigrating cell populations,
neural crest and VENT cells, that contribute to the
development of the PNS and non-neural structures.
These two populations differ in significant ways. Unlike
neural crest cells, VENT cells originate in the ventral
region of the cranial neural tube, and they emigrate
at the exit/entry sites of the cranial nerves. VENT cells
emigrate considerably after the emigration of the
neural crest, and are HNK-1".

Many important questions remain. What are the
origins of the VENT cell progenitor population? What
are the molecular signatures of VENT cells? How does
this population differ from other neural tube or neural
crest cell populations? What mechanisms guide VENT
cell emigration and subsequent migration? How do the
two neural tube-derived populations interact? How do
VENT cells interact with mesodermally and endoder-
mally derived cells? What is the exact nature of the
contribution VENT cells make to the target tissues?
There is evidence for differentiation and integration
into the normal cell population. How important is this
to the development of form? What are the implications
for evolution? Do any VENT cells in the adult retain
stem cell-like properties? Clearly, specific markers that
will allow VENT cells to be tracked more efficiently
are needed. Undoubtedly, the existence of VENT cells
opens up exciting areas for further investigation. It also

points to the need to re-evaluate our current view of
the fate of the neural tube cells.
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